Volatile organic compounds (VOC) are ubiquitous in industrial applications creating a pressing desire for novel transduction pathways to build a broad family of new gas sensors. Nanoporous gold (NPG) is a material with a vast range of untapped potential applications; offering a high surface area found generally in nanomaterials, while also being comparatively simple to fabricate. NPG based sensors can also leverage the unique physics of gold at the nanoscale. In this work, we leverage the multiple unique nanoscale phenomena associated with NPG to demonstrate two novel transduction mechanisms to sense humidity, a model compound. Through direct electrical measurements of NPG, we were able to sense changes in the electronic properties of NPG induced by ambient humidity. We propose two novel transduction mechanisms: chemoresistive changes induced by surface adsorption and electrochemical capacitive changes induced by the electric double layer to detect humidity. To our knowledge this is the first reported application of both these mechanisms for sensing any volatile compounds utilizing NPG.
Introduction
Volatile compounds are applied in a wide variety of industries, ranging from solvents in manufacturing to their direct usage as precursors in chemical synthesisalmost no industry is exempt from the usage of volatile chemicals. However, these chemicals pose signicant health & safety risks to workers, the public at large, and the environment. Leaks can oen go unnoticed and toxic exposure levels can be reached quickly. 1-3 Therefore versatile, robust, and specic gas sensors have the potential to tangibly improve public safety.
As a proof of concept to demonstrate the principles of volatile compound sensing with nanoporous gold (NPG), we used humidity as a model system and studied the application of NPG as a humidity sensor. While humidity is oen seen as innocuous compared to other volatiles, it plays a central role in industrialized society. From the corrosion of artifacts to the efficiency of catalysts, humidity plays an important role in many chemical processes relevant to everyday life. 4 Many industries constantly struggle to manage humidity. For instance, data centers must carefully monitor and maintain humidity to prevent both short circuits in humid environments and static discharges in dry environments. 5 Many manufacturing processes also have a very narrow range of suitable humidity. Humidity sensors are the essential rst step in addressing these challenges; they provide rapid and accurate feedback to control systems. Humidity sensors, like the wider family of volatile chemical sensors, are built upon a variety of different transduction methods, such as optical or gravimetric methods. [6] [7] [8] [9] [10] However very few humidity sensors integrate multiple transduction pathways into a single multivariate sensor. While multivariate sensors are inherently more complex, they offer greater robustness as they draw on multiple information sources, to combat noise and sources of systematic bias, and impart an increased degree of selectivity. Nanomaterials, with their unique properties and high surface area, make excellent candidates for future multi-variate sensors. In particular, NPG is a remarkably attractive advanced material due to the ease of fabrication in comparison to other nanofabrication methods. [11] [12] [13] [14] In a process inspired by corrosion, an electrochemical bias is applied to a AgAu alloy in an acidic solution. The bias induces the dissolution of Ag but is insufficient to dissolve Au. As Au atoms diffuse on the surface into a more stable conguration, a nanoporous network forms. 12, 13, 15 Furthermore, the geometry of NPG can be controlled through the dealloying conditions and through the addition of small fractions of Pt; offering interesting opportunities for sensor engineering. [16] [17] [18] While some literature exists leveraging NPG for humidity sensing by cantilever actuation upon water adsorption, the sensing range is limited to a narrow to a band of approximately 15% relative humidity. 19 This limited sensing range indicates the need for alternative transduction mechanisms for practical applications. Our proposed application of NPG to sense volatile compounds leverages two key nanoscale phenomena to independently transduce the environmental humidity. The rst transduction path is via surface scattering of conduction electrons. In conventional bulk systems, conducting electrons experience electrical resistance through bulk scattering via phonons. However in conductive nanoscale features, the available conduction pathway is shorter than that of the electron mean free pathrather than scattering off phonons in the bulk, electrons scatter at the ligament surfaces. 20 This scattering is strongly modulated by changes in the surface. [21] [22] [23] In humidity sensing applications, water adsorbs to the surface, shiing the surface scattering properties (Fig. 1 ). As the amount of adsorbed water depends on the environmental humidity, one can deduce relative humidity through changes in resistance measurements. The high surface area of nanomaterials is crucial in amplifying the resistance change by increasing the number of scattering events.
Concurrently, capacitance measurements can be used as a parallel transduction pathway. At metal-electrolytic solution interfaces, a pseudo-capacitive electrical double layer (EDL) forms. Ions in solution distribute themselves in accordance with the local potential difference, storing charges like a capacitor. 24 This capacitance is associated with the out of phase alternating current (AC) signal response. The value of the capacitance is sensitive to the physical geometry of the solution within the pore. Induced by changing humidity, the size of the electrical double layer changes both as multiple monolayers of water adsorb to the surface and as the pores ll. While pore lling typically occurs at saturated relative humidity (RH), capillary condensation occurs at partial pressures substantially smaller than the saturation pressure in nanoscale capillaries, due to the reduction in the thermodynamic barrier facilitated by the high curvature of liquids inside nanopores. [25] [26] [27] In this paper, we prepared NPG samples of different pore sizes by dealloying different alloy compositions. These NPG samples were integrated into a sensing platform which was driven by a sinusoidal signal, and the in-phase and out of phase signal responses were captured to characterize the resistance and capacitance changes. The responses were characterized for a variety of different humidity conditions to demonstrate the feasibility of NPG humidity sensors. Condensation characteristics were also measured by quartz crystal microbalance (QCM). Sensor characteristics, such as sensitivity, hysteresis, and lag time, were also determined. While NPG has been applied to various aqueous and gas sensors, 15, [28] [29] [30] this is the rst reported application of NPG to sensing volatile compounds using these transduction mechanisms. The results are promising for the development of a general class of NPG based sensors for detecting volatile compounds.
Materials and methods

Materials
AgAu (23 at% Au) alloys, for electrochemical dealloying, were obtained from Goodfellow, Cambridge, UK. Samples, sized approximately 10 mm Â 5 mm, were cut from a 200 mm thick sheet, polished, and annealed at 900 C for 3 h under a Ar/H 2 (2.5% H 2 ) gas ow in a tube furnace. AgAuPt (19 at% Au, 3 at% Pt) was obtained as a cold-rolled 200 mm sheet from Ames National Laboratory -US Department of Energy, Iowa, USA. AuAgPt samples were annealed in the same Ar/H 2 atmosphere at 1050 C for 15 h. 0.1 mm thick white gold leaves (50 wt% Au) for free dealloying were purchased from Gwartzman's Art Supplies, Toronto, Canada.
Dealloying
Free dealloying. Free dealloying was performed by laying white gold leaves in a beaker with a shallow layer ($20 ml) of concentrated nitric acid (70%, Alfa Aesar) for 5 minutes. Aer 5 minutes, the process was quenched by gently lling the beaker with $250 ml of deionized water. Leaves were lay at on a quartz crystal sensor or SEM stage and subsequently gently rinsed with deionized water. NPG leaves were allowed to dry under a slow ow of dry air.
Electrochemical dealloying. Prior to electrochemical dealloying, annealed AgAu sheets were soldered to copper wires. The junction and exposed wire were covered with lacquer (SPI Microshield) and allowed to dry for at least 3 hours. Lacquer was also used to cover one side of the exposed alloy. The exact surface area of the exposed alloy was measured using a Zeiss Stemi-2000C optical microscope. Dealloying was performed using a Gamry Reference 600 Potentiostat in a 0.5 M HClO 4 solution. Solutions were prepared by diluting concentrated Analar grade HClO 4 (62%, Alfa Aesar) with deionized water and deaerated with N 2 gas. A Pt wire counter electrode and mercury/ mercury sulfate (MSE, 640 mV vs. SHE) reference electrode were used to complete the electrochemical cell. Dealloying was performed at room temperature with 10 C cm À2 removed at 550 mV vs. MSE. Lacquer was subsequently stripped from the dealloyed sample using SPI Microshield Remover. Aer dealloying, samples were immersed in deionized water for a minimum of 1 h before being removed and dried under a gentle ow of dry air. Fig. 1 Electron scattering at the ligament surface is the primary resistance to conduction in NPG and is strongly modulated by the substances adsorbed on the surface.
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Material characterization
Dealloyed samples were imaged using a Hitachi S5200 SEM in secondary electron mode with an acceleration voltage of 1.0 kV and a beam current of 20 mA.
Quartz crystal microbalance mass measurements
Quartz crystal sensors from Stanford Research Systems were covered with dealloyed golf leaf and installed in the quartz crystal holder for the SRS QCM 200. The resonance frequency was captured over 10 second intervals. The QCM holder was placed inside the humidity chamber; the humidity was adjusted, and the corresponding resonance frequency changes were recorded. The humidity chamber ($750 ml) was constructed from a sealed polypropylene chamber with an inow rate of 500 ml min À1 maintained for all experiments. A separate port allowed for the probe wiring and the quartz crystal holder to pass through. Aer placing the sensor into the chamber, the port was covered and sealed. Relative humidity was adjusted by the volume-controlled mixing of dry air and water saturated air streams. Humidity was veried by a third party Arduino humidity sensor. The system equilibrated for 5 minutes aer humidity adjustment before measurements were made. Equilibration in frequency measurements was allowed to occur before further humidity changes were made. Mass changes were inferred based on the quartz crystal sensitivity factor provided by Stanford Research Systems. 31
Electronic response characterization
Electronic characterization of NPG samples was performed using a four-point probe, with current delivery and voltage measurement performed by separate pairs of probes, in order to accurately measure the impedance of NPG. A 0.1 V pp , 1 kHz signal was applied, and the NPG response was captured and amplied by an AD620 instrumentation amplier. The ampli-ed response signal and a reference signal from a 1 U series resistor were captured by a Gould Instrument Systems View-Graf. The reference and output signals were converted into Fourier space by DFT (Discrete Fourier Transform). The signal amplitude was adjusted according to the amplication factor. Impedance was calculated by taking the complex ratio of the reference and output signals. 32 
Transient impedance measurements
Transient impedance was calculated by applying Short Time Fourier Transform (STFT) instead of the DFT to estimate the instantaneous impedance; STFT is a DFT performed on a shiing window of data. Otherwise the same procedure for calculating the impedance was used at each time step.
Results and discussion
Dealloying and material characterization Electrochemical dealloying of bulk AgAu and AgAuPt proceeded in a stable manner, with current densities that ranged from 5-6 mA cm À2 in AgAu samples and 3-4 mA cm À2 in AgAuPt samples. Color changes were observable aer a few seconds of dealloying.
Electrochemical dealloying of AgAu alloys has been well studied in our group. Previous work using the same dealloying procedure established that the expected mean ligament width is 14 nm with a mean pore size of 17 nm. 18 SEM imaging of dealloyed samples qualitatively veried these results ( Fig. 2a ).
Free dealloying of white gold leaves proceeded rapidly upon submersion of white gold leaf into concentrated nitric acid. The color changed from silver-white to gold-brown within one minute. Aer quenching the dealloying process, leaves oated on the surface of the acid solution and were easily removed by quartz crystals or SEM stages before being rinsed with deionized water (Fig. 2b ). Comparing the free dealloyed ligaments and electrochemically dealloyed AgAu ligaments, the observed pore sizes are on the same length scale (10-30 nm) . When assessing the viability of capillary condensation, one must primarily consider the surface properties and the size of the pores. Since the elemental surface composition and the observed pore sizes of electrochemically dealloyed NPG and free dealloyed NPG are similar, one can reasonably assume that the condensation behaviour is similar. 33 While it is clear that free dealloyed gold foil is not identical in its physical properties to electrochemically dealloyed NPG, the similar pore size and surface properties allow for qualitative comparisons of the adsorption behavior to be made.
Furthermore, it is well established that Pt content results in a renement of the pore and ligament size, with previous work in our group establishing the mean ligament width of 4.3 nm and a mean pore size of 5.5 nm. 18 This was observed in SEM images of dealloyed AuAgPt (NPG-Pt) samples (Fig. 2c.) . Since smaller pore sizes further reduce the thermodynamic barrier to condensation, one can expect capillary condensation to occur at lower RH when comparing electrochemically dealloyed NPG-Pt and NPG.
Mass change measurements
In order to validate that surface adsorption and capillary condensation occurred in NPG, the mass changes were monitored by QCM as humidity was changed at 10% RH intervals. Free dealloyed leaves were used rather than electrochemical dealloyed NPG, as free dealloyed leaves coupled mechanically to the quartz crystal sensor. Small mass changes were observed at low humidity levels (<40% RH) indicating the formation of a monolayer and subsequent multilayers. This dependence of mass change on humidity is similar to Type II IUPAC adsorption, which models multilayer adsorption. 33, 34 Results deviate from a Type II isotherm at higher RH as mass changes suddenly increase between 60% and 90% RH. This is indicative of pore lling as signicant spontaneous condensation of water occurs below the saturation point. Spontaneous condensation is driven by the shied thermodynamic equilibrium at extremely small curvatures as described by the Kelvin equation. 33 Further evidence for capillary condensation within the pores is shown by the hysteretic behavior in mass changes (Fig. 3.) . The separation between the increasing and decreasing cycle response is most prominent between 60 and 90% RH, indicating that necks within the pores prevent the evaporation of condensed water even when it is locally thermodynamically preferred. Filled pore necks create a metastable state; the condensed liquid in wider capillary regions cannot evaporate until the liquid within the pore neck evaporates. These results are best described by a Type IV adsorption isotherm, which models condensation in mesoporous materials. 33 These observations demonstrate that both monolayer adsorption and capillary condensation of water occur within dealloyed NPG. While an imperfect comparison to electrochemically dealloyed NPG, the observed adsorption isotherm indicates that mesoporous condensation can be expected in electrochemically dealloyed NPG.
Electronic response to humidity
Resistance and reactance measurements were shown to depend on the relative humidity ( Fig. 4.) . 3 measurements were taken at intervals of 10% RH, the average value was used for plotting and the standard deviation was used to estimate error bounds. Similar experiments on free dealloyed leaves are included in the ESI. † Interestingly, resistance and reactance changes are sensitive in different RH regimes. We observed that resistance changes are largely limited to <60% RH. This can be attributed to the proposed fundamental mechanisms of resistance changessurface scattering. Since surface scattering is limited to the near surface region, only the rst few adsorbed layers induce resistance changes. Therefore, the resistance change effects are limited to low RH levels. Based on existing literature, 60% RH is equivalent to $8 layers of atomic water on at gold surfaces. 35 At 
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higher relative humidity, additional water molecules adsorb too far from the surface to affect surface scattering. Capacitance changes are characterized by the reactance changes, which are not limited to the low RH regime and are sensitive up to 90% RH. This is in line with the expectation that capacitance changes are driven by changes in the size of the electrical double layer, as multiple layers adsorb, and condensation occurs. Partially lled porous materials have been reported before, but not yet leveraged for use in a holistic sensing platform. 36 Using a simple linear model, the maximum resistance sensitivity was 2.0 Â 10 À7 U per (RH%) and the maximum reactance sensitivity was 8.3 Â 10 À8 U per (RH%). Sensitivity was calculated by estimating the slope in the linear region of resistance and reactance separately. The linear range of resistance was between 20 and 60% RH. The linear range of reactance was between 20 and 80% RH.
The impact of measuring both the resistance and reactance is readily apparent using a simple regression algorithm. Using a k-Nearest Neighbors model (kNN) from the sklearn library in python to predict the humidity based on resistance and reactance measurements. kNN regression was chosen due to the observed non-linearity of the resistance and reactance response. The models were evaluated using a 10 fold shuffle split, where 10% of the data was reserved for model evaluation. kNN was selected due to the highly non-linear nature of the physics and therefore the data set being analysed was also highly non-linear. kNN is well suited for tting these complex trends. The average R 2 value from the resistance only model was 0.743, while the R 2 of the reactance only model was 0.119. The combined kNN model produced an R 2 of 0.885. This increase in R 2 demonstrates that sensing signicantly improves through the incorporation of multiple data features. Comparing the predicted humidity and true humidity using this model, we observed that non-linear bias is prevalent at humidity > 80% RH. This is due to the saturation of the response upon complete capillary condensation (Fig. 5 ). This non-linearity is a clear demonstration of the limitation of the sensing range to <80% RH.
CO 2 scrubbing
In a humid environment, an electrical double layer (EDL) forms at the pore surface, which facilitates capacitive effects. The liquid phase of the EDL is composed of a diffuse concentration gradient of ions in solution. In a humid air stream, there are two possible candidate ions to form the EDL: bicarbonate ions (HCO 3 À ) from dissolved carbon dioxide, and hydroxide (OH À ) and a balancing number of hydrogen ions (H + ). Using the average concentration of carbon dioxide in air of 350 ppm, 37 one expects an equilibrium pH of $5.7, versus pH 7, the equilibrium pH of water alone. Since the EDL is dependent on the ion concentration, one would expect the capacitive response to be depend on the ambient carbon dioxide.
To verify this hypothesis, we passed the air through an additional column of molecular sieves (10 A), which removes carbon dioxide from the air stream. 38 In a direct comparison to the non-carbon dioxide scrubbed experiment, resistance once again increases with increasing relative humidity in an identical manner ( Fig. 6.) , but the reactance behavior varied greatly between the two environments. No observable reactance changes are observed at any RH in CO 2 scrubbed environments. This lack of reactance changes indicates that there are no measurable changes in capacitive effects associated with the double layer.
These observations demonstrate that even trace gases in the ambient can play a role in electronic measurements, via partition into the solution layer. Careful consideration must be taken in more complex chemical environments when performing electronic characterization. Conversely, this also offers interesting opportunities in indirectly sensing trace compounds if they dissociate into soluble charged species to support the formation of an EDL.
Hysteresis characterization
Hysteresis is common in many porous humidity sensors and its characterization is important in evaluating sensor performance. 10 Minimal hysteresis is observed in the resistance measurements, while signicant hysteresis is observed between 20 and 70% RH in reactance measurements (Fig. 7) . This observation can be attributed to the differences in the fundamental mechanisms of transduction in electrical properties. Surface scattering effects are limited to the rst $8 adsorbed layers based on earlier observations, while capacitance effects are sensitive to the extent of pore lling. Capillary condensation is well known to experience hysteresis due to aforementioned necking effects. 26 This hysteresis is borne out not only in the observed reactance hysteresis, but also previously discussed QCM results. This also further underscores the importance of concurrent resistance and reactance measurements. While reactance measurements experience hysteresis, resistance measurements can be used to mitigate the measurement uncertainty. Similarly, reactance measurements can compensate for resistance measurements at high RH, when resistance is no longer sensitive to humidity changes.
Sensor delay characterization
Examining the transient impedance, estimated through STFT, it takes $200 s for impedance readings to stabilize (Fig. 8) . A large amount of this delay can be associated with the residence time of gas in the humidity chamber and the algorithmic delay caused by the shiing window used in STFT. Using the extreme assumptions that no mixing occurs and an algorithmic delay of 15 s, a lower estimate of the non-transducer delay is roughly $105 s. Therefore, the maximum transducer delay can be estimated at 95 s.
The transient response also demonstrates the functional stability of the sensor, as the measured impedance is consistent aer humidity cycling.
Effect of pore size
Similar electronic characterizations of NPG-Pt were performed at the 10% RH humidity intervals. Small Pt contents are well known to reduce the surface mobility of Au atoms in the dealloying process. This pinning effect renes the pore and ligament sizes. 18 The expected impact on sensing would be an increased sensitivity due to the increased surface area, but a decrease in the sensitivity range due to the onset of pore lling at lower RH.
The effect of the smaller dimensions is evident when analyzing the humidity response (Fig. 9) . The resistance and reactance of NPG-Pt are of a larger magnitude than NPG. The average resistance sensitivity was 1.5 Â 10 À6 U per (RH%) and the average reactance sensitivity was 1.8 Â 10 À7 U per (RH%), which represents a signicant improvement on NPG. Sensitivities were calculated using the above method with the linear range for resistance between 0 and 60% RH and the linear range for reactance between 10 and 90% RH.
Furthermore, due to the higher surface area for transduction, the measured noise was also signicantly reduced. However the sensing range of NPG-Pt was observed to be limited to $80% relative humidity as neither the resistance nor the reactance measurably changed beyond this range. Based on previous work in our group, the mean pore size of NPG-Pt 3 is $5 nm (NPG-Pt) versus $17 nm (NPG). 18 Using the Kelvin-Laplace equation as a simple approximation of condensation in cylindrical pores and the assumption of a 55 water-gold contact angle, the approximate condensation point is 84% RH for NPG-Pt 3 and 92% RH for NPG. 39 These predictions slightly underestimate our observed limitations in the sensing range for NPG and NPG-Pt, but are good approximations of the expected sensing range.
Using a similar kNN model discussed for regression in AuAg based sensors, we observed a R 2 of 0.862 for the resistance only model and a R 2 of 0.617 for the reactance only model. Similar to the AuAg based sensor, we observed a signicant improvement in R 2 to 0.928 when using both resistance and reactance data. 
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This further emphasizes the synergistic benets of utilizing both resistance and reactance data.
Comparing the predicted humidity to the true humidity, we once again observe non-linear bias at high humidity ( Fig. 10) . At RH > 90% the response is once again saturated due to the effects of capillary condensation. The non-linearity demonstrates that sensing is limited to <90% RH.
Conclusions
We applied nanoporous gold as a novel application in multivariate gas sensing, where resistance and capacitance information were synthesized to sense environmental humidity. The key conclusions of our work were:
Condensation in free dealloyed gold follows a Type IV IUPAC condensation through a study of mass changes.
Hysteretic effects were observed in mass changes and reactance measurements. Based on the geometry of the porous network, hysteresis effects were attributed to capillary condensation.
Minimal hysteresis was observed in resistive effects due to the lack of hysteresis in initial adsorption of the rst few monolayers in adsorption. We approximated the resistance modulation effects to be limited to roughly 8 atomic layers of waters.
In NPG, the maximum resistance sensitivity was 2.0 Â 10 À7 U per (RH%) and the maximum reactance sensitivity was 8.3 Â 10 À8 U per (RH%).
A kNN model utilizing both resistance and reactance data improved the R 2 value from 0.743 and 0.119 for individual resistance and reactance models to 0.885 in AuAg.
The capacitive transduction mechanism was demonstrated to be reliant on ambient carbon dioxide, indicating that trace amounts of gases can play a key role in the sensing process.
The sensor response was demonstrated to be stable through multiple humidity cycles. The maximum sensor transduction delay was estimated to have an upper bound of 95 s.
Rened pores were shown to decrease the noise and increase the sensitivity, at the expense of sensing range.
A kNN model utilizing both resistance and reactance data improved the R 2 value from 0.862 and 0.617 for individual resistance and reactance models to 0.928 in AuAg.
To our knowledge, this is the rst reported concrete application of nanoporous metals to sensing humidity and the rst to integrate the complex electronic properties for gas measurement. The basis of this work also opens more interesting opportunities in a wider family of sensors for volatile compound as well as further mechanistic studies of electronic behaviors of materials during condensation.
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